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By A. James V i t a l e  

F l igh t  t es te  at trsnsonic speeds have been made of two rocket- 
propelled m o d e l s  of an airplane configuration  having 450 meptback wings 
of aspect r a t i o  4 and with different st iffnesses.  The longitudinal sta- 
bi l i ty ,  l i f t ,  and drag chmacterist ics were determined by analysis of 
the response of the models to  disturbances in pitch. A cosnpe;rison was 
made between experimental and calculated  effects of aeroelasticity on 
lift and longitudinal s tabf l f ty .  

A straight-line  extrapolation of the l if t-curve slopes of the two 
wings of W f  erent  stiffnese t o  obtRin the rigid-wing lift-curve slope 
was found to be sat isfactory  in  the range of wing stiffness  tested.  The 
loss in lift-curve slope of the more f lexible  w i n g  found experimentally 
agreed fairly w e l l  w i t h  that calculated  by a modified strip-theory methOa. 
A combination of the effects of a high-tail  position and an unstable 
pitching-moment curve of the w i n g  at high lift coefficients and t r q  
sonic speeds caused both models t o  execute a violent pitch-up maneuver. 
The induced drag parameter d Q / d c ~ ~  waa found to  be nonlinear w i t h  
l i f t  coefficient and the model having the more f lexible  w i n g  had lower 
drag due to lift over the Mach nmiber range of 0.9" to 1.30. 

The results  presented in this paper are part of E general research 
program uti l iz ing rocket-propelled models t o  investigate the' effect of 
w i n g  plan form on transonic and supersonic  longitudfnal  stability, lift, 
and drag characteristics.  Previous m o d e l s  tested have included several 
thin straight wings and triapguhr w i n g s  ,(refs. 1 to  6 ) .  All the models 
tested have had simihr fuselage and tail surfaces. The wing-off charac- 
t e r i s t i c s  of the m d e l s  tested m e  presented in reference 2. 
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In this  investigation two models were kested which had wings of 
different  stiff'nessei. The two w i n g s  differed  in  st iffness by reason 
of the material of construction, one having been  constructed of so l id  
steel and the other of solid duralumin. Since the only difference 
between the two models was w i n g  stiffness,  differences in the  tes t  
results be attributed  to  Eteroehstic  effects. !The wings which had 
an aspect  ratio of 4 and a taper ratio of 0.60 w e r e  swept back 45' a t  
the  quarter-chard line. The wing airfoil sections parallel t o  free 
stream were M A  65AOO6. 

r 

.. . 

A n  all-movable horizontal tail was used for longitudinal  control 
on the models. During the flight the  horizoqtal tail was deflected in 
an approximate square-wave program betveen the limits of 0.14' and -3 .Oo 
for the steel-whg model and -0 .Po and -4 .60° for  the duralumin-wing 
madel. The pulst?d-control  technique  disctussed in detailed form i r ~  refer- 
ence 1 xas used to obtain and analyze the data. 

- 
In addition to experimental results,  the losses i n  lift and longi- 

tudinal stability due t o  Fseroelastic deflection were calculated  for the 
duralumin-wing model by the method outlined i n  the appendix of this 
report. 

The models were flown at  the Laagley Pilotless Aircraft Research 
Station a t  Wallops Island, Va. 

CN narmal-farce coefficient, %W/s Q Q  

CC chord-force  coefficient, - -a1 & 
g q  

CL lift coefficient, % cos a - Cc sin u 

CD drag coefficient, CC cos a + % sin a 

h pitching-slament coefficient 

rs, wing norms1 force, Ib 

~ m ,  or CL, w i n g  lift coefficient, !!E 
ss 

a, normal acceleration a6 obtained From accelerometer, 
ft/sec/sec - 
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longitudinal acceleration as obtained frm accelerometer, 
Pt/sec/sec 

model weight, lb . 

acceleration of gravity, ft/sec/sec 

free-stream  static pressure, lb/sq f t  

standazd sea-level static weesure, 2116 D / E ~  ft 

dynamic pressure, F2 
Mach nmiber 

Reynolds  numiber, based on w i n g  mean aeroaynamic chord 

wFng area, including the 85- enclosed within the 
fuselage, sq ft 

wing m e m  aerodynamic  chard, ft 

wing chord, f t  

. wing semispan, it 

lateral distance f r o m  fuelage center line, f t  

lateral distance from fuselage side, ft 

load applied, lb 

local w i n g  twiat angle produced by L, radians; also 
angle of pitch, radians 

structural influence coefficient at spmmise center of 
pressure 

angle of attack, deg 

horizontal-tail def lectian, deg 

flight-path angle, @eg 
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T1/2 c time to damp to  one-half  amplitude, sec 

2 distance from center of gravity  to  nose no-1 
.. - 

accelerometer, ft 

d6 c' q =" 
at 2v 

e elastic 

r rigid 

CP "center of peasure 
.. 

A three-view drawing of the models used fn this  invesiigatfon is 
shown in figure 1. Photographs of the models are  given in figure 2. 
The  Puselage h a  a cylindrical  center  section w€th  identical  ogival 
type of nose  and  tail  sections  defined  by  the  ordinates  given in table I. 
The body fineness  ratio is 13.0. 

The two models tested had identical wings  except  for  material. of 
construction. One model had a wing constructed of solid  steel,  and  the 
other  model  had a w i n g  constructed of solid  duralumin.  The w i n g  airjToil 
sections  parallel to free stream were NACA &A006 airfoil sections. 

Tbe horizontal tail , m e  constructed of so l id  dural- for both 
models and was mounted on a ball bearing built  into the vertical  tail 
at a height of 0.508 semispan above  the wing-chord plane extended. A 
hydraulic power system was  used  to  deflect  the horizontal tail in a 
approximate square-wave propam. The gap between the vertical  tail and 
the root of the horizontal tail was sealed by means of 8 wiper-Qye seal. 

I 
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The mass characteristics of the two models tested are  givea i n  
the fo l la r ing  table : 

H 
=Y 

119 po~nde 146 pounds 
10.g5 s l u g - f t Z  10.30 slug-ftz 

c .g. position 4.6 percent Mcu: 24.8 percent MAC 

Instrumentation 

The models Were equipped with telemeters transmitting measurements 
of normal acceleration at  the model center of gravity, angle of attack, 
longitudinal  acceleration, wingnormal farce, control position, t o t a l  
pressure, reference stat ic   presswe,  and transverse  acceleration. The 
duralumin-wm model had a normal amelerameter located 2.68 f ee t  ahead 
of the model center of s a v i t y  in adaitfon  to the center-of-gravity 
normal accelerometer. This arrangement permitted the determination of 
instantaneous pitching mament for the d u r a l d w f n g  model. 

A vane-type instrument mounted on a st ing extending fYqm the no8e 
of the m o d e l  (f ig.  2 ) was used to measure angle of attack. For the 
XuralumFn-wing model t h i s  s t i n g  was deflected d m  5O t o  permit 
posftive  angle-of-attack meaeurements up t o  200. The angle-&-attack 
indicator is described in m o r e  detail i n  reference 7. 

The wing was mounted on a beam-type balance calibrated t o  give 
measurement6 of wing normal force. The balance is described in  more 
de ta i l  In reference 3. In addi t ion  to  the inductance-gage pickup 
described in reference 3, the balance for the duralumin-wing model 
was equipped w i t h  a strain-gage piclnrp for develcqment puqoses. 

The total-pressure pickup mounted on a mall strut belaw the 
fuselage. The etatic-preseure orifice was located 4.9 inches behind 
the  beginning of the cylindrical  portion of the  fuselage. A calibra- 
t ion of the reference  static  pressure far an angle of attack of Oo wa8 
obtained *om previous  instrumentation m o d e l s .  

Atmospheric conditions w e r e  determined from radlosondes released 
shortly after the flights . Fixed a d  manually operated  16-mi1~~1eter 
motion-picture cameras were used t o  photograph .the launchings and ffrst 
portions of the flights. Additional ground equipnent  consisted of a 
CW Doppler radar unit for obtaining model velocity, a tracking radar 
unit for obtaining model position in space, ana special (spinsode) 
radio equipment for obtaining model r o l l i n g  velwity.  
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TESTS 

B e f  light  Measurements 
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Prior to flight  testing  the  structural  influence  coefficients  were 
obtained for the duralumin wing .  These  coefficients are shown in fig- 
ure 3 BB the twist in the free-strean  direction per unit load applied 
along the 25- and 50-percent  chord lines. 

With instruments installed, the m e l s  were suspended by shock 
coriis and vibrated in the pitch plane by an electromggnetic shaker and 
also by striking the wing and fuselage. The following model natural 
frequencies and modes of vibration were determined from the telemeter 
records Wen during these ground tests  and from visual observations of 
the model vibrating. 

Frequency, cps 

Steel wing Duralumin w i n g  
W i n g  mode 

'.' First  bending 
206 212 Second bending 
46 4 4  

Tore ion 350 340 

Model Tests 

The models were launched at approximately 60° from the horizontal 
by means of a mobile launcher shawn iu figure 4. A 6-inch-diameter 
solid-fuel ABL Deacon rocket  motor was used to boost each model to 
maximum velocity. The models contabed no suetaining rocket motors 
and experienced  decelerating  flight after separation frm their boosters. 
During the  decelerating  Bortian of the flights,  the  models  experienced 
short-period  oscillations  in angle of attack, normal acceleration, longl- 
tudinal acceleration, and w i n g  n o m 1  force following each  horizontal- 
tail deflection. 

The m e a s u r e d  angle of attack was corrected  to the angle of sttack 
at the m o d e l  center of gravity by the method of reference 7. The w i n g  
normal-force  measurements  were  corrected f o r  inertia effects to give 
aerodynamic  forces. 

The W h  number6  and dynamic p s s m e s  were calculated froxu telem- 
etered total pressure and free-stream  static pressure obtained from the 
combination of radiosonde and tracking radar data. The velocity obtafned * 
frm the CW Doppler radzw unit furnished a check at peak  velocity on the 
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k h  numbers obtained f r o m  the pressure data. For use in comparing the 
aeroelastic  properties of the w i n g s  In the present investigation w l t h  
other  results the values of free-stream pressure obtained during  the 

figure 5 as a function of W h  number. 

- 
s model flights d i v i d d  by standard sea-lwel pressure are presented in 

Reynolds ntlEdber8 (bas@ on w h g  mean aerodynamic  chord for each 
model) obtained  during the flights are shovn in figure 6 .  

I 

Analysis 

Time histories of the model ehort-period  08cill&ti0ns in angle of 
attack, n o m 1  a c c e l e r a t i o n , - ~ l o ~ i t u d i ~ l  acceleration, md wing n o m 1  
force were analyzed by the method of reference ,I t o  obtain the longi- 
tudinal stabil i ty,  lift, and drag character is t ics   for  each e e l .  

In addition t o  obtaining longftudinal stabi l i ty   character is t ics  by 
the method of reference I the instantaneous pitching moment w&s measured 
f o r  the  duraldn-wing model by means of two normal accelermeters  located 
at the  center of S a v i t y  and in  the nose of the mael. The difference in 
the two normal-accelerometer readings is proportfonal  to the angular 

I acceleration in pitch by the relation: 

The pitching mcPnent due to  angle of attack ia then  calculated by the 
following  equation: 

For the steel-wing model, a nose accelerometer w a s  not used but  the 
instantaneous  pitching moments were calculated frm the flfght data by 
use of .E differentiation  process. The angular acceleratLon in  pitch was 
obtained from the  following  equation: 

, The quantity c i  w 8 ~  obtained by differentiating the measured a curve 
and the  quantity 3 was calculated from the measured acceleratiom at 
the model center of gravity,-the  gravity component being neglected. 
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This procedure is the same procedure used jn applying the' corrections 
t o  the angle of attack m e a s u r e d  a t  some pouf; other  than the center of 
gravity (ref. 7).  Neglecting  the  gravity  cmponent has a negligible 
effect  for these mdels. 

The effects of aeroelastic  distortion of the duralumin wing on 
l i f t  and stabil i ty  chazacterist ics were calculated by means of a modi- 
f ied  strip theory and the structural  influence  coefficients shown i n  
figure 3. The method of calculating  the  aeroelastic  effects is out- 
lined in the appendix of this report. 

" 

Data vere obtained for the  steel-wing model from M&ch numbers 0.9'7 
to 1.27 and fo r  the duralumin-wing d e l  from Mach numbers 0.92 to 1.33. 
4t a Mach number of 0.97 for the steal-wing model and 0.9 for   the 
duralumin-wlng model, the models experienced a pitch-up m e u v e r  t o  
high angles of attack and were not able t o  recover;  thus further data 
could not be obtained. 

The following tables  give estimated values of the  possible systematic 
errors in the absolute values of CL, @, and C& as affected by the I 

accelerometer E& wing-balance calibration ranges : - 

For the  steebwfng model, 

0 . g  

f.002 t.cx% +.oog 1.30 
t.003 t.010 2.013 1.15 
20.004 t0.016 fo.ozo 

and for the duralumin-wing model, 

1 I I I I 
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. 

Further er rors  in aerodpemic  coefficients may arise because of 
possible dyaamic-pressure  inaccuracies which m e  apprhximtttely M c e  
as great as the errors in Mach number. The Mach numbers &re estimated 
t o  be accurate  to 21 percent a t  supersonic  speeds and f2'percent at 
subsonic speeds. 

The exposed-wing lift data indicate a further e r r o r  in the ab60lUte 
value of the w i n g  normal-force measurements for the duralumin-wing m o d e l .  
As stated in  the instrumentation section,  the w i n g  balance for the 
duralumin-wing model was equipped with a strain-gage  pickup for develop- 
ment purposes. "he date. frcm the strain-gage pickup do not indicate 

. the  zero-shift of about 200 pounda shown in figure 8 for the exposed 
duralumin-wing lift data frm the inductance-gage  pickup. This zero 
shif t  does not  affect  the  incremental  values'or  slopes which are, in 
general, more accurate than the  absolute  values. 

The errors in the measured angles of a t tack a& elevatar  deflec- 
t ions  should not vary with Mach n&er because  they are not dependent 
on dynamic pressure. The greateet  poseible error i n  angle of attack is 
caused by possible aerodynamic asymmetry of the  angle-of-attack vane 
which is not,  detectable prior t o  flight. The following table  gives 
estimated values for the errors in absolute values of a and 6 as' 

affected by instrument  caltbratfon  ranges: 

I I Lu I 68 1 
Steelwing model 

Duralumin-wing m o d e l  

-to. lo to.  1-70 

?.lo f 25' 

RESULTS A I D  DISCUSSION 

L i f t  

The basic lift data are Shawn in figures 7 and 8 for the duralumin- 
and steel-wing models a t  several Mach nzmibers and horizontal tail deflec- 
tions. In figure 7, the t o t a l  l i f t  coefficients are plotted against 
angle of attack far both mode-. It is seen f r m n  these curves that the 
lift-curve  slope is nonlinear w i t h  l i f t  coefficient. In figure 7(a) it 
is seen that the lfft-curve slope near zero lift at  Wch numbers 1.02 
and 1.22 is about 15 percent lower than the lift-curve  slope near l i f t  
coefficient of 0.30. A t  higher angles of attack as sham by  the l i f t  
curves for  Mach numbers 0.g7, 1.12, and 1.27, the l i f t - c w e  slopes 
again decrease due to  separation over the wing tips. Shown fn figure 7(b) 
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is the l i f t  curve f o r  the duralumin-wing model at a PlIach number of 0.92 
and over an angle-of-attack range from bo t o  18O. The lift coeffi- 
cient 0.70 a t  which the  pitch-up  occurred is w e l l  below the maximum 
l i f t  coefficient  obtainable at a MBch number of 0.9. 

In figure 8 the exposed-wing lift coefficients axe plot ted  agahst  
angle of s t k c k  for both models. The wing balance measures normal force 
only; however, the difference between normal force and l i f t  force was 
estimated t o  be small for the exposed w i n g  esd the data are  plotted as 
l i f t  coeffYcients. The same nonJ-inea;r trends  described in the  previous 
section on total   airplane l i f t  are seen t o  apply also t o  the exposed- 
w h g  lift. This phenomenon of increase Fn slope at 0.20 t o  0.40 l i f t  
coefficient and then decreme in slope a t  higher l i f t  coefficients was 
also found in wind-tunnel tests on this wing (refs. 8 and 9). 

The variation of lift-curve slope with Mach nuniber is shown in 
figure 9 for the expoaed w i n g s  anti complete m o d e l s .  The slopes =,e 
Wen near a l i f t  coefftcient of 0.30 since data were  available at  this 
l i f t  coefficient  for  both  horizontal-tail  deflections. The duralumin- 
w i n g  lift-curve Slope6 for  the complete model and exposed w i n g  increase . 
rapidly fram a Mach nuniber of 0.9 t o  0.9 and then gradually decrease 
&a the Mach nuuiber increases. The steel-wing  lift-curve slopes show the 
same variation w i t h  Mach amber but, as would be expected, have higher 
values than for the more flexible duralumin wing .  Also shown in f ig-  
ure 9 is the lift-curve slope of the exposed r igid w i n g  8s obtained by 
the method described in the section  entitled  "Aeroelastic  Effects on 
L i f t .  t1 

The r a t i o  of the exposed-wing lift to complete-model lift is sham 
in figure 10. The values w e r e  obtained by dividing the exposed-wing 
lift-curve  slopes by the complete-model lift-curve  slopes sham in f ig-  
ure 9 for a l i f t  coefficient of 0.30. The contribution of the w i n g  t o  
the ccanplete-mdel lift is approximately constant over the Mach number 
range coverea fcrr both models. The r a t io  of exposed-wing area t a  t o t a l  
wing area is 0.78 for the models tested. Far the  steel-wing model the . 
r a t i o  of exposed-wing llft t o  t o t a l  lift varies from 0.75 at  a Mach num- 
ber of 1.0 t o  0.71 at  a Mach number of 1.27. When the tail contribution 
t o  the t o t a l  lift is taken  into account the results for the steel w i n g  ' 

ehau that the usual asaumgtion that the fuselage  carries that part of 
the load represented by the wing area  intercepted by the fuselage  gives 
nearly correct a,nswers over the Mach nuniber range 0.97' t o  1.27. The 
exgosed duralumin w i n g  carried a sl ight ly  smaller percentage of the 
t o t a l  lift than the exposed s t ee l  w i n g  from Mach numbers ,l.O. to J.30. 
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Madel Vibrations 

For the duralumin-wing model there was a high-frequency oscil lation 
of 180 cycles per second superimposed on the   t e lae te red   t races  of angle 
of attack and nose normal acceleration f r a m  Mach nrndbers 1.46 to 1.25. 
This type of nose vibration which slxrkcl near the tlme of booster-rocket 
burnout a l so  occurred on a similar m d e l  having a considerably different 
w-ing tested in reference 6. 

Near the beginning of the pitch-up maneuver of the steel-wfng model 
(discussed in the s t a t i c   s t ab i l i t y  sectLon) at a Mach number of 0.- 
and l i f t  coefficient of 0.64 the w i n g  normal-force and normal -accext ion  , i 
measurements indicated a vibration  corresponding t o  the wing first-bending ). 
Frequency which was probably caused by w i n g  buffet-. A similar vibra- 
t ion occurred at  the  beginning of the pitch-up maneuver of the duralumin- 
w i n g  model a t  a Mach number of -d lift coefficient of g30L A t  a 
Mach.number  of 0.955 and l i f t  coefficient of 0.56,-there also was an 
indication of wing buffeting for the duralumin-wing model. ,i 

" 

Aeroehstic  Effects on L i f t  

For use in  calculating  the loss in lift of the duralumin wing,  the 
structural  influence  coefficients w e r e  measured before the m a l e 1  w a s  
tested. These influence  coefficients  are shown h figure 3 f o r  concen- 
trated loaas along the 0.25 chord l lne  and the 0 S O  chord lfne. It was 
assumed that structural  influence  coefficients of the  s teel  w i n g  were 
related t o  the values measured for  the duralumin w i n g  by the r a t i o  of 
the modulus of e l a s t i c i ty  of duralumin t o  that of steel. One method  of 
using these  structural  influence  coefficients is sham in figure 11. 
D a t a  obtained f r a a  reference 10 a t  a Mach nmber of 1.11 f o r  a rocket 
m o d e l  equipped w i t h  the same w€ng constructed of wood w i t h  duralumin 
inlays is compared with  the  completedel   l i f t -curve  s lopes of the 
s t e e l  and duralumin-wing models. The abscissa of figure 11 is the 
parameter qS(8/L)ref where (e/L),& is the  structural  Fnfluence 
coefficient fram figure 3 a t  the spanwise center of pressure of the 
exposed r ig id  wing for the load also applied a t  this spanwise location. 
Since  the exposed-wing lift-curve slope w s  not measured in the test 
of reference  10 for the wood-duralumin wing and the ra%io of tai l  area 
t o  w i n g  area is nearly the same as for the steel-  and duralumin-wlng 
models, the c o m p l e t e d e i  lift-curve slopes-are  plotted agafnst the 
parameter qS(@/L),ef. When influence  coefficients for both the 
0.25-chord loading and the 0..50-chwd loading are used, figure 11 shows 
that a straight-line  extrapolation is possible Over the rauge of st iff-  
nesses for the  three wings tested t o  obtain  the value of the  r igid lift-, 
curve slope. The same m e t h o d  was used in figure 12 t o  obtain the r ig id  
exposed-wing l if t-curve slope at several Mach numbers. The variation of 
the rigid exposed-wing lift-curve  alope w i t h  Flach nzrmber is shown in 
figure 9. . . .  
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The loss Fn lift of the duralumin w i n g  was calculated by m e a n s  o? 
the modified-strip-theory method outlined in the appendix. The method 
used allows the exposed w i n g  t o  be divided  into any number of sections 
and also allows any desired type of span loading to  be used. Sham in 
figure 13 is the r a t i o  of the e las t ic -   to  rigid-exposed-wing l if t-curve 
slope of the  duralumin w i n g  calculated for two-point and f ive-point span 
loadings f r o m  a span-loading curve of reference 11. Since the  exact 
location of the chordvise  center of pressure was not lmown, the  calcu- 
lations were made by using the influence  coefficients for both  the 
0.25-chord loading and the 0.50-chord loading. Preesure m e a s u r e m e n t s  
on a .simila;r w i n g  tested i n  reference. 12 show that these two positions 
should bracket  the chordwise center-of-pressure  variation along the 
span md that f o r  this w i n g  the 0.50-chord loading is more correct ov& 
the Mach nwnber range 1.0 t o  1.30. The resu l t s  of figure 13 show that, 
for the wing tested,  there is little dif'ference in the   ra t io  of the 
e l a s t i c  to  rigid  lift-curve  slope  calculated by a two-point ioading and 
by a five-pofnt  loading. The resu l t s  frm a calculation using a two- 
point  loading from a trapezoidal span-load curye  indicated only a 
1-percent greater lift loss than a twolpoint  solution  ushg a span- 
load curve of reference 11. 

I 

m 

.. 

- 

" 

.- The effect  of wing-inertia  loading which a c t s   i n  the opposite 
direct ion  to  aerodynamic loading was included in the l i f t - loss   calcula-  0 

t ions  s h a m  i n  figure 14. These calculatione w e r e  made using equation 7 
of the appendix fo r  a two-point loading which includes  the  wing-inertia 
effect .  The weight of one panel of the exposed duralumin w i n g  w&s 
5.93 p o m d ~  and %e effect  of including w i n g  iner t ia   In  a two-point 
solution reduced- thecaiculated lift losa by about 2 percent  in  the 
FZach  number range 0.g" t o  1.27 where the elastic-wosed-wing lift- 
curve slope varies from 90 t o  80 percent of the  rigid  value. .. . 

A comparison between the calculated  values and experimental  values 
of the   ra t io  of the exposed-duralmikwing and exposed-rigid-wing lift- 
curve slopes of figure 9 is  also shown in   f igure  14. A t  a Mach number 
of 0 .yj' the  experimental  r-atio  agrees with the  calculated  value for a 
0.25-chord loading, asd over the Mach  number range 1.02 t o  1.27 the 
experimental r a t io s  agree w i t h  the calculated  values for a 0.50-chord 
loading. 

The loss i n  l i f t  f o r  the duralumin wing was also  calcuUted from 
the charts of reference 13 a t  subsonic speeds and the  values  obtained 
agree fairly wellwith the calculations made by the method of the 
appendix a t  these same speeds. The chmts were not used for higher 
speeds since  reference 1-3 states that the charts are less reliable when 
the component  of Mach  number perpendicular to   the  leading edge of the 
wing is transonic. 
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The wind-tunnel investigation of reference 14 for a wing-fuselage 
cmbination having s t e e l  and duralumin wings  similar t o  those of this 
report shwd less reduction i n  lift for the duralumin-wing-fuselage 
cambination than shown in  f igure 14 f o r  the exposed duralumin wing of 
this investigation. The m i c  pressures for the investigation of 
reference 14, hmevez, varied from only 400 to 850 pounds per squere 
foot as compared w i t h  1100 t o  2500 pounds per square foot for the 
rocket-model investigation. 

t 

Stat ic   Stabi l i ty  

The basic pitching-moment data are sham in figure 15 f o r  the s teel-  
w i n g  model at  a center-of-gravity  positlon of 24.8 percent of the mean 
aerodynamic chord, Etnd in figure 16 for  the duralumin-wing model a t  a 
center-of-gravity  position of 4.60 percent af the mean aerodynamic chord. 
The pitching-mment  coefficients a r e  plotted aga-t lift coefficient 
over the f b s t  one and one-half cycles of the model short-period  oscil- 
lation  folluwing  each  horizontal-tail  deflection. The meaeurd pitching 
moments have been corrected  for the damping-in-pitch derivatives, and 
the data of figures 15 and 16 do not B h m  any consistent  difference far 
increasing and decreasing angle of attack. As m i g h t  be expected , the 

scatter  than  those obtained f r o m  the double accelerameter method. The 
pitching-mament data at  a Mach nwber of 0.97 and horizontal-tail  deflec- 
t ion of -4.600 in figure 16 include the effect of a t r im change at  this 
Mach number. The change in trfm lift coefficient i s  from 0.46 at  a Mach 
number of 0.975 t o  0.52 a t  a Mach nmber of 0.g65. 

- data obtained by using the double differentiation  procedure show more 

- 

At a Mach  number of 0.9’7 the  steel-wing model .experienced a pitch-up 
maneuver t o  high angles of attack which w&s s o  violent that the model was 
not able  to  recover. At the peak of the maneuver the model developed a 
high ra te  of r o l l  of about 15 radians  pff second; thi6 high r a t e  indi- 
cated that one w i n g  s ta l led  bef6re the other wing .  The pitching-moment 
curve (fig.  15) for  this pa r t  of the flight could  not be calculated above 
a lift coefficient of 0.82 because the  angle-of-attack vane h i t  a stop 
a t  about l2O, although  the model continued to   pi tch up t o  considerably 
higher angles. This pitch-up corresponds to  the  unstable break i n  the 
pitching-moanent curve for this wing alone at high lift. coefficients and 
transonic speeds. Wfth the tail placed in the high position of 0.508 
semispan above the wing-chord  plane  extended, the tail contribution  to 
the longitudinal  stabil i ty was not  sufficient t o  overcane the unstable 
pitching-moment-curve qlqee of  the w i n g  at  hfgh l i f t  coefficients. 
Further  discussion of the  effect of high tail position is found in  
reference 15. 

- The duralumin-wing model was tested w i t h  a center-of-gravity  posi- 
t ion approximately 20 percent of the mean aerodynamic chord more forward 
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than  the  steel-wing  model. The pitching-moment  data of figure 16 Fndi- 
cate  that, at a b c h  number of 0 . g  and lift  coefficient of 0.73, the . 
duralumin-wing  model  approached  the  unstable  break in the  curve  but  did 
not  overshoot  into  the  unstable  region.  At a Mach  number of 0.9, h m -  
ever,  the  duralumin-wing  model  experienced  the  same  pitch-up  maneuver 
described  previously  for  the  steel-wing  model. The pitchfng-moment 
curve  for  this  maneuver  (fig. 16(a)) has a very  unstable break at a 
lift  coefficient of 0.70 and then Indicates  stable  slope at 0.85 lift 
coefficient. The pitching-moment  curve  for  the duralumin-wing model  at 
a Mach  number of 0.97 was converted to the  center-of-gravity  position 
for  the  steel-wing  model and is ehoun by a dashed  line fn figure 15 (a) 
for  comparison  with  the  data on the  steel-wing model at the  same  Mach 
nmiber. The  curves  axe  sfmiLar  in  shape and the  displacement of the 
durves from each  other  is  accounted f o r  by the  difference in horizontal- 
tail  deflection. 

. 
. -  

The measured period8 of oscillation of the  angle of attack m e  
shmn in  figure 17. The data shown for  the  duralumin-wing model are 
f0r.a center-of-gravity  position of 4.6 percent of the  mean  aerodynamic 
chord, and for the  steel-wing  model at 24.8 percent of the  mean  aero- 
dynamic  chord.  The  periods of oscillation  were  converted  to  the  longi- 
tudinal  stability  derivative % by the  method  described. in reference 1. 
Since  the two models  were  tested  with  different  center-of-gravity  posi- 
tions,  the  static  stability  is  compared in figure 18 on the  basis of 
aerodynamic-center  position.  The  duralumin-wing  model  shows a rapid 
rearward  movement in aerodynamic  center f r o m  45 percent of the  mean 
aerodynamic  chord at a Mach nuniber of 0.93 to 60 percent  at a Mach  num- 
ber of 0.97. mom a W c h  number of 0.9” to 1.33 the  aerodynamic  center 
gradually moved r e e d  *om 60 percent  to 72 percent of the m e a n  aero- . 
dynamic  chord.  Aerodynamic-center  positions  obtained  from  the  pitching- 
moment  data of figures 15 and 16 near  trim  conditio-  for  the two models 
agree very well w i t h  the  values  calculated from the  period  of  oscilla- 
tions  except for one point representug a curve  obtained f r a m  the  double 
differentiation  procedure. 

.. 

The  aerodyaamic-center  position for the  steel-wing  model has the 
same  variation  with  Mach nuuiber as  the  duralumin-wing  model  Over  the 
Mach  number  range 1.02 to 1.27. Over this  Mach  number  range,  however, 
the  aerodynamic-center  position is 3 to 6 percent more rearward for the 
steel-wing model. Frm the  strip-theory  method of the  appendix  the for- 
ward  movement in aerodynamic-center  position  due  to  the  inboard  movement 
of the span load was calculated for the  duralumin-wing  model. A cam- 
parison  between  the  calculation  made  for a 0.50-chord  loading and the 
measured  difference  in  aerodynamic-center  position  for  the  steel- and 
duralumin-wing models  in  figure 18 shows that  nearly a l l  of the loss in 
stability of‘ the  duralunin-wing  model may be accomted for by the inboard 
movement of load on the  wing. a 
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Damping in Pi tch 
m 

The time required f o r  the  pi tch  osci l la t ions  to  damp t o  one-half 
amplitude is sham i n  figure lg(a)  for  the  steel-wfng model and in fig- 
ure lg(b)  for the duralumin-wing model. The data  converted t o  the 
damping-in-pitch derivative Cms + are shown Fn figure  lg(c).  The 

duralumin-wing-model data of figure 19 are presented for a center-of- 
gravity  position 20 percent of the mean aerodynamic chord more forward 
than for the steel-wing m o d e l .  The difference in center-of-gravity 
position was calculated  to have a small -effect on the &mping-Fn-pitch 
derivatives of figure lg(c).  Ale0 shown in figure  lg(c) i s  the damping- 
in-pitch  derivative from the w w - o f f  model of reference 2 converted t o  
the dimensions and average  center-of-gravfty  position of the s teel-  and 
duralumin-wfng models. 

The pitch-damping derivative for the duralumin-wing d e l  shows a 
rapid  variation  with Mach  number in the transonic speed range. This 
same variation would probably have occurred fo r  the steel-wing model 
also, but  damping data w e r e  not  obtained for the  steel-wing model belm 
a Mach  number of 1.0. The lower value of C;, + % for the duralumin- 
wing m o d e l  f r o m  Mach nrnabers 1.02 t o  1.2 may not be due t o  aeroelasticity 
and is more Ukely an indication of the  accuracy OT the damping-in-pitch 
derivative.  Since the damping derivative for the wing-off model is  
essentially Cmg of the tail, the data of figure  lg(c) shaw that the 
wing contribution t o  the damping derivative Cw C C& is very small 
over the Mach nuniber range 1.15 t o  1.30. 

The basic d r a g  data f o r  the steel- and duralumin-wing models is 
shown in  ffgures 20 and 2 1  far several Mach nuibers and horizontal-tail 
deflections. The drag data for the duralumin-wing model shown in f ig-  
ure  21(c) for an average Wch number of 0 . n  were plotted over the 
Mach  number range 0 .%5 t o  0.975 and show that because of the tran- 
sonic  drag rise there is a noticeable change in the level of the drag 
p0-s w i t h  a small change in speed. 

The  minFmum drag values  obtained For both models are carpred  with 
the minimum drag of the wing-o f f  d e l  of reference 2 in figure 22. 
Also sham in  figure 22 is the  wing-plus-interference drag obtained 
*can the  large-scale drag test of  reference 16. The wing-plue-interference 
drag obtained from the s teel-  and duralumin-wing&del t e s t s  colqpares 
favorably w i t h  the values of reference 16 at supersonic  speeds. 'Because 
of the small size  of the wing relat ive to the body and the high-drag body 
and tail, the w i n g  drag represents a small percentage of  the drag of the 
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s teel-  and duralumin-wing m o d e l s .  Thus, at EL Mach number of O.%, the 
wing drag is about the sine magnitude as the accuracy  of the acceler- 
ometer readings of the steel- and duralumin-wing models. 

The drag due t o  1Fft of the models tested is presented in f ig-  
ure  23(a) for lift coefficients of 0.50 asd in   f igure 23 (b) for lift 
coefficients of 0.15 since  the induced drag w a s  found to be  nonlinear 
with l i f t  coefficient. Also shown i n  figure 23 is the ideal induced- 
drag  factor l/d and the drag due t o  Iff t for no leadin$-edge suc - 
t ion  1157.3Ck. For the 1 57.3Ck compari~m,  the lift-curve slopes 
were measured near the trim-lift coefficient  corresponding  to  elevator 
deflections of -3.0' and 0.14O far the steel-wing model and 4.60~ and 
-0 .72O for the duralumin-wing model. 

I 

N e a r  l i f t  coefficients of 0.50 the duralumin-wing d ' e l  shows a 
reduction in induced .drag of about 16 percent compared to 1/57.3C~, 
over the Mach number range 0.9 to 1.33. The data for the steel-wing 
model show no reduction i n  induced drag f r o m  Mach nurtibers of 1.05 t o  
1.27 fo r  l i f t  coeff ic ients  of 0.50. 

A t  low lift coefficients  near 0.15, the duralumin-wing m o d e l  shows 
a reduction in dm/dCL2 of about 30 percent from Mach numbers 1.02 
to 1.25 aixl 42 percent a t  a Mach  number of 0.93 compared to the  fac- 
t o r  1./57.3C~,. The steel-wing model shows a reduction o f .  l.8 percent 
i n  dm/dCLz a t  lav lift coefficients over the Mach number range 1.02 
to 1.22. The wind-tunnel investigation of reference 14 far lower 
dynamic pressures than the present  investigation  indicates only slightly 
lower drag far   the  duralumin-wing-fuselage  conibination than  for  the 
steel-wing-fuselage  canbination. 

The lower induced drag for   the  duralumin-wing model suggests the 
possibi l i ty  of R more ef f ic ien t  span loading for   the  f lexible  wing a8 
a r e su l t  of the inboard movement of the l o d  when the wing deflects. 

CONCLUSIONS 

The flight t e s t s  of tu0 rocket-propelled models having 45' swept- 
back w i n g s  of aspect r a t l o  4 and with  different  stiffnesses  indicated 
t h e  following  results: 

n 

c 

1. The loss iu lift-curve  slope due to   aeroelast ic   dis tar t ion found 
experimentally  agrees very well w i t h  that predicted by a modified-strip- 
theory method of calculation. .. I 
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2. I n  the s t i f fness  range investigated, a straight-line  extrapola- 
t ion  of the lift-curve slopes of wings w i t h  d i f ferent   s t i f fnesses  can 
be used to obtain the value f o r  a r ig id  w i n g .  

3 .  The exposed duralumin wing carried a slightly smaller percentage 
of the total   a i rplane lift than the exposed steel w i n g  from Mach num- 
bers 1.0 t o  1.30. 

4. Because of the combined ef fec ts  of an unstable break. in the 
pitching-moment curve of the w i n g  and a high tafl position, the two 
airplane  configurations tested experienced  violent  pitch-up maneuvers 
a t  transonic speeds and lift coefficients below the maximum. 

5. The more forward aerodyaamic-center  position for the a m l a n e  
configuration having a duralumin w i n g  was mostly due t o  the inboard 
movement of the spanwise center of pressure. 

6 .  Over the Mach nrrmber range 1.15 t o  1.30, the wings tested con- 
tributed  very little to the damping-in-pitch derivative % + %. 

7. The induced-drag parameter dcD/aCL2 was nonlinear w i t h  lift 
coefficient such that both models tested had higher values of dCQ/d%z 
at a lift coefficient of 0.50 than a t  a lift coefficient of 0.15. 

8. The amlane configuration having a duralumin wing had lower 
drag due to lift than the steel-wing m o d e l ;  t h i s  f a c t  suggests the 
possibi l i ty  of a more ef f ic len t  span loading for   the more flexible w i n g .  

Langley Aeronautical  Laboratory, 
National  Advisory Canrmittee for Aeronautics, 

Langley Ffeld, Va. 
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APPENDIX 
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EFFECTS OF AEROELASTIC DEFLFCTION 

The  method used to  estlmate  the change i n  l i f t  and center of pres- 
sure due to   e las t ic   def lec t ion  of the wing is a form of s t r i p  theory. 
The information needed t o  apply this method is data on twist along the 
w i n g  due t o  unit loads applied  along  the  centers of pressure  (taken  to 
be along the 0.25 or 0.50 chord l ine) ,  an assumed rigid-wJng span- 
loading  curve, and an estimate of the rigid-wing lift-curve  slope. 

The portion of tlze half w i n g  which is e las t ic  (that portion  outsiae 
of the  fuselage) is divided  into a8 many parts a s  desired. The r ig id  l i f t  
per  unit  angle of attack of these  sections is then  estimated from the span 
loatling. The increment i n  lift due t o  twist at the  section i s  then asamed 
t o  be  given by t h i s  l if t-curve slope multiplied by the twist. Since  the 
twist at a given  section depends on the final equilibrium lift a t  a l l  sec- 
t ions,  a s e t  of n simultaneous  equations  (equal in number t o  the number 
of sections the wing is divided  into) must be  solved;,this  solution gives 
the resul tant   e las t ic  l i f t  a t  each  section. The equations a r e   s e t  up i n  
r a t i o  form w i t h  the   e las t ic  l i f t  a t  each  section-given a8 a r a t i o  of the 
rigia l i f t  a t  the  section. The independent variable used in the equations 
is the  rigid  lift-curve  slope times the dynamic pressure . C b q .  

Sketches and equations for   the exposed-wing  and span-loading  curve 
divided  into  five  sections  are  given below. = -  

I 

Exposed w i n g  panel  diviaed in to  f ive  sections. 
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(-) 1 
Span-load curve divided into f ive sections on expoeed wing. 

side 
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where L ’ s  are the loads on each section of the exposed whg, ‘1 = +  

s ide 
Q, and % are  def k e d  as follows : 

side 

_. 

The r a t i o  of the twiat a t  each section t o  the rigid -le of attack 
can be derived from equations (1) and (2)  far the following  expressions: 

The influence  coefficient, BiJ, is defined as the t w l s t  a t  sta- 
t i o n  i due t o  a unit load applied a t  s ta t ion j, and the, equations 
for  the t w i s t  of’each w i n g  section due t o  loads L1, k,. . . . L5 are  
as follows : 

. -. 

. ” 
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When equations (3) are substituted into equations (4). for &l/+, 
h 2 / ~ ,  . . . &+r, the following set of five simultaneous equations is 
obtained with q = Q as the independent F L a b l e :  

7 
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= e  a r a r C L I I . F r  L2 L3 L4 ") - + - - I - - + - + -  

8$ 

for  the exposed wing. 

The effect of w i n g - i n e r t i a  loading acting in opposition to aero- 
dynamic loading has been neglected in equations ( 5 ) .  The 'addition of 
a wing-inertia term for a case where the w i n g  is divided  into two sections 
is illustrated as follcrws: 

I 

where 

W 

w2 

total model weight 

weight of inboard section of exposed h a l f - w i n g  

weight of outboard section of exposed h a l f - w i n g  

total lift of model 

f 
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The inboard movement in the spanwise center of pressure which resul ts  
from the  reduction in lift due to  aeroelastic wing twist causeB a change 
in aerodynamfc-center position. The la teral   center  of pressure of the 
exposed elast ic  wing can  be found f'ram Ll/c+, b/w, . . . k/% 
solved f r o m  the simultaneous  equations (5) a6 follms: 

. .  

If the  spm load is assumed t o  move k b o a r d  along the half- or  
quarter-chord  line, the increment in aerodynamic-center position of the 
complete model  due t o  the inboard movement can be found from the  following 
expression: 

For the tan A use either tas 4 / 4  or  tan Ac/2 whichever is 
appropriate. 
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TABLE I. - FUSELAGE NOSE AND TAIL aRDINATES FOR -LANE CONFIGURATION 

x, 
in. 
0 
0.060 

.122 

.245 

.480 

.735 
1.225 
2.000 
2.450 
4.800 

8 .oao 
9.800 

7 - 3 0  

12.250 
13.125 

14.700 
17.150 

22.050 
24.500 

14.375 

19.600 

r, 
in. 

0.168 
.182 
.210 
.224 
.2 94- 
.350 
.462 
639 

.735 
1.245 
1.721 
1.849 

2.608 
2.747 
2.785 
3.010 
3.220 
3 385 

2.155 
2.505 

3.500 

.. . 



Horizontal-tail a i  r f d l  
Resr VICW 

Aspect  railo 4.00 
' Area (Inkfud 2.M9 ff ' 

Horizontal tail 
True area Qa.VT3 0.688sqfi 
ASpBCt rqtio 30 

.. . 
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t 
(a) Top v i e w .  

". . 

(b) Wee-quarter front view. 

Figure 2.- Photographs of durslumin-wing m o d e l .  

I 
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(a) Load applied along the 50-percent chord line. 

(b) Load appu-ed d o n g  the 25-percent chord l ine .  

Figure 3. -  Twist i n  the free-stream direction per uni t  load amlied at 
various stations along the span of the duralumin wing. 
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(b) After launching. 
. .  

Figure 4.- Model launching. 
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Figure 5 .- Static-pressure  ratio. 
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Figure 6 .- Reynolb number of teats, based on mean a e r o d y n ~ c  chords. 
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(b) Duralumin whg. 
Figure 8.- Concluded. 
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Figure 9 .- Lift-curve  slopes. 
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Figure 10.- Rate of change of exposed-wing lirt with complete model . a  ~ . lift. . . " =LA 
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Figure 12.- Extrapolation between steel and duralumin exposed-wing lift- 

curve slopes to obtain rigid values. 
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(a) Duralumin-wing model; center-of  -gravity position, 4.60 percent mean 
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(b) Steel-wing model; center-of-gravity  position, 24.8 percent mean 
aeroaynamic chord. 

Figure 1'7 .- Period of oscillatiom. 
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Figure 18.- Variation of aerodynamic-center position w i t h  Mach nmiber. 
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(a) Steel-wilig-model time t o  damp to one-half amplitude. 
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(b) Duralumin-wing-model time to damg to one-half amplitude. 
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. .  Figure 19.- D w i n g  characteristics of the short-period  oscillations. 
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(c>  Mach number 0.97. 

Figure 20. - Steel-wing-model basic drag k t a .  
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(a) Mach numbers 1.33 and 1.24. 
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(b) Mach nLmibers 1.14 and 1.04. 

Figure 21.- Duralumin-wbg-model basic drag data. 
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Figure 21.- Concluded. 
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Figure 22.- Minimum drag coefficients. 
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